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INTRODUCTION 
In the post most of the research work carried out in gas turbine 
combustion was mainly concerned with performance problems arising at 
high altitudes. these were primarily problems of trying to achieve 
high combustion efficiency, adequate stability and good relighting 
performance. This research necessitated the use of expensive test 
facilities to piuvide large quantities of air at sub atmospheric pressure. 
For this reason much effort was expended in trying to find methods of 
simulating low combustion pressures, and in the development of 
correlating parameters which would allow low pressure performance to be 
predicted from experimental data obtained at more convenient levels 
of pressure. 
In recent years, however, there has been a marked trend towards 
engines of higher compression ratio. This is illustrated in figure 1 
which was reproduce& from a paper by Pearson1. This trend has not 
produced any new problems, with the possible exception of exhaust smoke, 
but it has aggravated many problems which previously caused no great 
concern, and it has exposed many deficiencies in our knowledge of 
certain basic processes, particularly those affecting combustion and 
heat +ransfer at high pressure. One object of this paper is to examine 
the influence of pressure on various aspects of combustion performance. 
Another object is to derive formulae from which the influence of 
increasing pressure on various performance criteria can be estimated. 
One important effect arising at high pressures is an increased 
dependence of all aspects of combustion performance on fuel spray 
characteristics. Because of their importance and because so far they 
appear to have received comparatively little attention, much of this 
paper is devoted to the effect of pressure on various spray properties 
such as penetration, droplet size and cone angle. 
COMBUSTION PERFORMANCE 
Comhustion performance is usually considered to include stability, 
ignition characteristics and combustion.eflficiency. Howver', since it is known 
that the problems of stability and ignition diminish with increasing 
pressure, we need concern ourselves only with the influence of pressure 
on combustion efficiency. This is illustrated in figure 2 which shows 
four regimes of pressure. In the first regime, corresponding to pressures 
of a few p.s.i.a., combustion is impossible due to the effects of poor 
atomisation and heat losses. Tn the second regime, which extends 
approximately from 2 to 20 or 30 p.s.i.a., depending on the size of the 
chamber, the level of combustion efficiency is determined almost entirely 
by chemical reaction rates, with atomisation playing only a secondary 
role. The third regime corresponds to normal chamber operation and 
provides a range of pressures in which the combustion efficiency is close 
to 100 percent. 
With increasing pressure the level of combustion efficiency 
becomes less dependent on reaction rates and more dependent un the ability of 
the combustion zone to evaporate the fuel and achieve the necessary mixing 
between fuel vapour, air and combustion products. The possibility exists, 
therefore, that at extremely high pressures the combustion efficiency may 
start to fall off due to limitations imposed by evaporation and/Or mixing 
rates. This is indicated as the fourth regime in figure 2. 
In a combustion chamber the fuel spray contains droplets of 
various sizes which are separated f—om each other by a multiplicity of 
distances. For the case of a single fuel droplet the evaporation is 
achieved by heat transferred from the surrounding flame whose burning rate 
is determined by the rate of evaporation of fuel from the drop. In a 
spray, however, the large number of droplets burning in close proximity 
can produce such high vapour concentrations that the rate of burning is 
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From equations (3) and (7) we have the following expressions for 
froplet lifetime. 
  
do 
 
P 
For stationary droplets 	 t ,04   
  
0.25 
  
(3) 
  
, 1.5 
For droplets in motion 	 t 	 'o 
U0.5 0.5 p 
	 (7) 
It might be expected that eqn. (7) should be the most appropriate 
for gas turbine application. Unfortunately, however, it is strictly true 
only for droplet Reynolds Numbers which are significantly higher than 
those normally encountered in gas turbine combustion. For this reason 
droplet lifetimes have been evaluated using both equations (3) and (7). 
Equation (7) shows how the lifetime of individual drops, and hence the 
rate of combustion of the spray as a whole, is largely determined by the size 
of the drop. It is, therefore, important to ascertain how droplet size 
is affected by atomiser flow characteristics and by variations in 
combustion pressure. 
Drop size 
Miessa5 found at sub atmospheric pressures that drop size 
decreased with pressure according to the relationship d 04 p-0. 
 • 
De Corso , using swirl type atomisers, also found that at low pressures 
drop size decreased with increasing pressure. However, in the tests carried 
out at gas pressures and fuel pressures similar to those encountered in 
engines, very little variation in drop size with pressure was observed. 
The mechanism of atomisation at high pressures is not clear. When the fuel 
pressure drop is high atomisation takes place close to nozzle orifice. The 
spray intensity is high and, under the turbulent conditions prevailing 
in combustion chamYers, the collision rate between drops must also be 
expected to be high. Collisions resulting in coagulation car, cause an 
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Now 
hence 
T is roughly proportional to 80.284 
R0.375 
	 R-0.053 
   
R 0.5 
or 	 t 	 R -0.178  
As in the previous case the available evaporation time is 
proportional to R-0.142  
Hence E 1 
0.142 
	 ' 	 80.178 
 
  
or 
E 	 R-0.036 
 
	  (19) 
     
Thus in engines of the same size but of different pressure ratio, the 
ratio of available evaporation time to required evaporation time is 
practically the same, and hence their evaporation performance is the same. 
However, if the droplet lifetime is calculated from equation (3) 
then 
t caPc. R0.18 
and E of R-0.32  
 
	  (19a) 
     
Thus equation (19a) predicts an adverse affect of increasing design 
pressure ratio on evaporation performance. 
Case 3. The general case 
Let us consider now the general case of engines varying in 
size, pressure ratio and combustion chamber design. Let M and R 
denote respectively the ratios of mass flow and pressure of two engines 
both operating at their maximum pressure and at the same fuel/air ratio. 
Also let N = ratio of number of fuel injectors 
fractional pressure loss in chamber 
p 
43 P = pressure loss factor of chamber 
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constant up to a certain value of pressure, above which it was appreciably 
reduced by any further increase in pressure. According to Ducarme8  this 
contraction of the spray with increasing gas pressure is caused by a 
pressure difference between the gases outside and inside the spray which is 
proportional to the fuel injection pressure drop. For any given atomiser, 
as the gas pressure is increased the fuel pressure also increases and 
eventually a fuel pressure drop is reached when the angle of the spray 
begins to contract. 
aaray penetration 
The effect of pressure on the spray as a whole may be estimated 
by considering the factors governing the penetration of a single droplet. 
An expression for the penetration of a droplet into a stagnant 
gas may be derived as follows:- 
If F is the aerodynamic drag force on the droplet, then 
F = CD. Ad . 	 e ci U2  
2g 
where Ad = cross sectional area of droplet 
U 
CD 
Now 	 F 	 = 
where 
Substitution for 
dU 
= 
= 
m 
F 
gas density 
droplet velocity 
drag coefficient for 	 evaporating 
spherical droplet. 
m 	 d U (29)  
g 	 dt 
is the mass of the droplet. 
in equations (28) and (29) gives 
— CD. _Ad . eg U2  (30)  dt m 2 
The distance travelled by a droplet before being brought to rest is 
equal to the time of travel multiplied by the average velocity. 
According to Ingebo11 
/ CD = 27 01e)
- 
0.84 
n Also, Ad 	 m = 
	
d3 	 T0-66 . 
(28) 
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(2) Since reaction rates and evaporation performance both increase 
with pressure it follows that any reduction in combustion 
efficiency with increasing pressure can be attributed to 
inadequate mixing. 
(3) At high altitude operation the droplet lifetime may be expressed as 
t 0.‘ do2 
P0.25 
but, at high combustion pressures 
d 1.5 
op< o 
U0.5 0.5  
where do = initial drop diameter 
" velocity 
(4) At high pressures the evaporation performance of a combustion 
chamber may be expressed as 
(M0•125 	 NO.375 	 fop ) 0.75  
----------------- 
R0.072 	 P) 0.75 
P 
whel. e M = chamber mass flow 
engine pressure ratio 
N = number of atomisers 
43P = fractional chamber pressure loss 
p 
Thus at high pressures the evaporation performance is practically 
independent of pressure ratio..;,, 
(5) It is pcstulated that at very high pressures the rapid evaporation 
3f fuel could produce mi::tures which were too rich to burn, 
although evaporation could continue dur to the presence of 
hot (but over-vitiated) products of combustion and to radiation 
from the flame. Under these conditions the combustion process 
would be similar to vaporiser combustion and the exhaust smoke 
would be appreciably reduced. 
E 
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